Abstract. Vaccination using dendritic/tumor cell hybrids represents a novel and promising cancer immunotherapy. We have developed a technology that can instantly purify the hybrids (dendritomas) from the fusion mixture of dendritic cells (DCs) and tumor cells. Our animal studies and a phase I study of stage IV melanoma patients demonstrated that dendritoma vaccination could be conducted without major toxicity and induced tumor cell-specific immunological and clinical responses. In this pilot study, ten stage IV renal cell carcinoma patients were studied. Dendritomas were made from autologous DCs and tumor cells and administered by subcutaneous injection. After initial vaccination, three escalating doses of IL-2 (3, 6, and 9 million units each) were followed within five days. This treatment regimen was tolerated well without severe adverse events directly related to the dendritoma vaccine. Most adverse events were related to IL-2 administration or pre-existing disease. Patient-specific immune responses were evaluated by flow cytometric measurement of interferon-γ-producing T-cells before and after vaccination in response to stimulation with tumor antigens. Nine out of nine patients eligible for the analysis showed an increase of IFN-γ-expressing CD4 + T cells after vaccination(s); while five out of eight patients eligible for the analysis showed an increase of IFN-γ-expressing CD8 + T cells. Clinical responses were documented in 40% of the patients, three with stabilization of disease and one with a partial response documented by a reduction in tumor size. This pilot study demonstrated that dendritoma vaccines could be administered safely to patients with metastatic renal cell carcinoma, while producing both clinical and immunologic evidence of response.
Introduction
Current therapy for patients with renal cell carcinoma (RCC) is determined by the stage of disease at diagnosis. Surgery remains the principle option for RCC patients with local or regional disease. Surgical resection is fairly effective for early stage tumors with 5-year survival rates of 91-96% for stage I tumors and 69-95% for stage II tumors. Tumor recurrence rates vary by stage at diagnosis, with recurrent disease common in large tumors, when vascular invasion is present and when lymph nodes are involved at the initial diagnosis (stage II and III tumors). Reported recurrence rates are 20-30% for localized tumors. When recurrent disease is surgically resectable, moderate improvement in long-term survival can be achieved, but is dependent on several factors and can be as dismal as 0% or as good as 69% (1) . Unfortunately, many patients with recurrent disease are not suitable candidates for surgery. Additionally, patients with recurrent RCC who can be resected often recur again with less chance of effective therapy at each episode of recurrence. Adjuvant therapy with chemotherapy and radiation has not been found to be effective in preventing recurrences and increases treatment toxicity (2) (3) (4) .
Management of metastatic RCC (stage IV disease) carries a much poorer prognosis with no recognized effective treatment and long-term survival care. The average length of survival after diagnosis of metastatic RCC is <10% at 5 years. Many types of therapy have been attempted for the management of (6) , most of which have involved dendritic cells (DCs). DCs are professional antigen-presenting cells and have been studied as an anti-tumor immune response activator in many ways, including tumor antigen pulsing, tumor antigen gene transfection and DC/tumor cell fusion (7) (8) (9) (10) . Many clinical trials testing these strategies are either performed or are under investigation (11) (12) (13) . In order to expand the idea of using DC/tumor fusion to stimulate antitumor immune response, we developed a technology with which uncultured tumor cells are fused with DCs and the hybrids, dendritomas, are instantly purified, so that the diversity of tumor antigens within the tumor cells is retained (14) . Animal studies demonstrated that dendritomas are better anti-tumor immune response activators (15) . A phase I study in stage IV melanoma patients indicated that dendritoma vaccination therapy is safe and stimulated tumor-specific immune responses and even in some cases had clinical responses (16) . We used the same technology to expand the use of dendritoma vaccination therapy to RCC patients to evaluate for safety and immunological and clinical response. In this pilot study, ten patients with stage IV renal cell carcinoma were enrolled. Dendritomas were prepared from autologous DCs and tumor cells. Dendritomas were subcutaneously injected into the patients, followed by low doses of interleukin-2 (IL-2) therapy.
Patients and methods
Patient selection and study design. All patients had histologically confirmed metastatic renal cell carcinoma and an expected survival rate of 3-6 months. An ECOG performance status of 3 or lower was necessary to enter the trial. The inclusion criteria included adequate pulmonary function (FEV1 >25% or DLCO >25% predicted), adequate cardiac function, serum creatinine <1.6, Hgb >9.0, WBC >3,000, platelet count >100,000, and no prior history of a seizure disorder. Previous treatment with chemotherapy or immunosuppressive agents must have been discontinued at least 30 days prior to vaccination. Previous treatment with other forms of immunotherapy must have been discontinued six months prior to vaccination unless there was documented progression of the disease. Patients with CNS metastases were included and there were no limitations on tumor location or volume. It was necessary for each patient to have a tumor with a volume >1 cm 3 available for surgical excision (for vaccine preparation) and measurable residual disease for evaluation of response. Bidirectional measurements of residual disease were recorded from a maximum of four index lesions by direct measurement from computed tomography (CT) images for metastatic lesions. Tumor volumes were calculated from these measurements for comparison with post-treatment evaluations. Informed consent was obtained from each patient prior to entry into the trial. Human investigations were approved by the Institutional Review Committee of the Greenville Hospital System in accordance with an assurance filed with and approved by the Department of Health and Human Services. Production and use of vaccines in this protocol were approved and monitored by the Food and Drug Administration (IND 9519). The research design was similar to our previous studies (16) .
Tumor and dendritic cell preparation. An autologous serum was used for preparation and maintenance of each patient's tumor cells and DCs. Two hundred milliliters of blood was withdrawn from the patient at least two weeks prior to initial vaccination. Serum was prepared from it using standard techniques. Prior to use, the serum was heat-inactivated by incubating at 56˚C for 30 min. This autologous serum comprising 10% by volume of the media was used for the maintenance of the patients' tumor cells and culture of DCs.
Mature DCs were generated from the patients' peripheral blood monocytes (PBMCs). Three hundred milliliters of sodium heparinized peripheral blood was obtained from each patient. PBMCs were isolated by Ficoll-Paque Plus gradient (Amersham Biosciences). Monocytes were then isolated from Table I . Clinical characterization of patients. 
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the PBMCs by panning for 3-4 h in petri dishes. The purified monocytes were then cultured in complete DC medium (RPMI-1640, 10% autologous serum, 800 U/ml GM-CSF and 1000 U/ml IL-4) at 37˚C, 5% CO 2 for 8-10 days to generate dendritic cells. The DC medium was refreshed every three to four days. Dendritic cells were matured by adding 100 ng/ml of TNFα and incubating for 24-48 h. Tumor tissue was obtained by excision of metastatic lesions in each patient. The tumor specimens were removed from the patients under sterile conditions and processed as follows. After separating fat and extraneous tissue from the tumor tissue, the tumor was cut into ONCOLOGY REPORTS 18: 665-671, 2007 667 Table II . Summary of adverse events. 
small pieces and put into a T75 flask containing 20 ml digestion medium [RPMI-1640, 1.5 mg/ml collagenase type VIII (Sigma), and 26 μg/ml Pulmozyme (Genentech)]. This solution was rocked for 1-2 h at 37˚C and the cell suspension was then filtered through a 40-μm cell strainer (Falcon cat. no. 2340). After two washes with PBS, the cells were re-suspended in ACK lysing solution (0.15 M NH 4 C1, 1 mM KHCO 3 , 0.1 mM Na 2 EDTA, pH 7.3) and incubated for 5 min at room temperature to lyse the red blood cells. After centrifugation, the cells were re-suspended in complete tumor cell media (RPMI-1640, 10% autologous serum, 200 μg/ml gentamicin) for fusion or in freezing medium (RPMI-1640, 10% autologous serum, 10% DMSO) for cryopreservation for later fusions.
Staining, fusion and sorting. Mature DCs were stained green using the PKH2-GL fluorescent dye (Sigma) and tumor cells, either fresh or frozen, were stained red using the PKH26-GL fluorescent dye (Sigma) according to the manufacturer's instructions. Before fusion, the tumor cells were irradiated with a single dose of 50 Gy, sufficient to render the cell replication incompetent. The green DCs and the irradiated red tumor cells were fused at a 1:1 ratio according to a standard PEG fusion protocol. The fusion mixtures were incubated in complete DC medium overnight in a humidified 5% CO 2 atmosphere at 37˚C. The next day the cells were harvested, analyzed, and hybrid cells (dendritomas) were sorted according to the presence of dual colors (red and green) using the FACS Vantage SE (BD Biosciences).
Treatment. The number of dendritomas in each patient's vaccine varied from 155,000-1,000,000 depending on the yield from the culture and fusion process. After irradiation at 100 Gy, these dendritomas were re-suspended in 1-1.5 ml of normal saline (NS) and injected subcutaneously into the patient immediately adjacent to a lymph node basin. One day after dendritoma injection, IL-2 was administered by a subcutaneous injection with escalating doses (3, 6, and 9 mIU/m 2 /day) within five days. Each patient was premedicated 1 h prior to IL-2 injection with claritin (10 mg), celebrex (100 mg) or relafen (1000 mg). Patients were revaccinated every three months depending on the availability of dendritomas and tumor cells. Re-vaccination was administered in a similar fashion as the initial vaccination with the exception that IL-2 was not given. Patients received a maximum of six vaccinations depending on their disease progression and the availability of the vaccine.
Follow-up.
All patients were monitored closely at prescribed intervals throughout recurrence or progression, if present, until death. They were evaluated closely for pulmonary, renal, hepatic, gastrointestinal, cardiac, autoimmune, or other toxicities in addition to evidence of regression or progression of their index lesions. Immediately post vaccination, patients were followed-up at days 1 and 3 with complete blood counts (CBC), creatinine levels, liver function tests (LFTs), and clinical examinations. The two-week and one-month followups included a clinical examination, CBC, electrolytes, BUN, and creatinine levels. CT scans of the head, chest, abdomen, and pelvis were obtained at 3-month intervals prior to revaccination.
IFN-γ assay.
Before the first vaccine, two and four weeks after the first vaccine, and one and four weeks after re-vaccination, blood samples were taken from the patients and were used to perform the intracellular interferon-γ analysis using anti-human IFN-γ FastImmune™ CD4 or CD8 intracellular cytokine detection kit (BD Biosciences). Briefly, 1.5 ml of whole blood from each sample was distributed into three conical tubes (each 0.5 ml) labeled as unactivated (negative control), activated (experiment), and SEB (Staphylococcal enterotoxin B, positive control), respectively. Five microliters of CD28/CD49 from the BD FastImmune intracellular cytokine detection kit was then added into each tube. Five microliters of autologous tumor lysates or 2 microliters of SEB were added into the 'activated' tube and the 'SEB' tube, respectively. The tubes were vortexed and incubated at 37˚C for 2 h. Ten microliters BFA solution from the kit was added into each tube and the tubes were incubated for a further 4 h. After the 4-h incubation period, 50 μl EDTA solution was added into each tube. The red blood cells in the tubes were Table III . Clinical summary of patients. 
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lysed by adding 5 ml lysing solution (from the kit) into each tube and were incubated at room temperature for 10 min. After two washings with staining buffer (0.1% BSA and 0.1% NaN 3 PBS), the cells were stained with anti-CD4-PerCPCy5.5 or anti-CD8-PerCP-Cy5.5 and CD69-PE antibodies. After surface marker staining, the cells were permeabilized and stained with anti-IFN-γ-FITC antibody. The cells were then analyzed on a FACSCalibur with CellQuest software (BD Biosciences). Because of the addition of marker CD69, an activated T cell marker, we were able to analyze IFN-γ production by activated CD4 + T cells and CD8 + T cells. For the IFN-γ ELISA assay, PBMCs were isolated from the patients' peripheral blood and cultured (1.7x10 6 cells/well) for 3 days in the presence of autologous tumor lysate. One milliliter of supernatant was collected from each well and used for the IFN-γ ELISA assay with the OptEIA human IFN-ELISA kit II (BD, no. 550612).
Results
Vaccine production and safety. The study enrolled ten stage IV renal cell carcinoma patients (Table I) . A total of 21 dendritoma vaccine productions were performed using the patients' blood-derived DCs and tumor cells. A total of 27 vaccinations were administered to the patients. The initial vaccination for each patient was followed by a low-dose IL-2 therapy. Safety data are summarized in Table II . The cumulative summary of adverse events (AEs) from the study showed that fever (90%), nausea (70%), vomiting (60%), anemia (60%), and chills (60%) were the most common AEs experienced by the patients. Other commonly experienced AEs included unspecified pain (50%), stomatitis (40%), and weight loss (40%). Most of these AEs were either disease related or IL-2 related. There was no serious adverse event (SAE) that was directly related to the dendritoma vaccine. The two most common AEs (fever and chills) are well-recognized side effects of IL-2 administration.
Dendritoma/IL-2 treatment increases tumor cell-specific IFN-γ-expressing T cells. IFN-γ-expressing CD4
+ or CD8 + T lymphocytes were measured in PBMCs isolated from the patients' pre-vaccination, 1, 2, and 4 weeks post first vaccination and 1 and 4 weeks post re-vaccinations using the FastImmune CD4 or CD8 intracellular cytokine detection kits with anti-human IFN-γ. The PBMCs were unstimulated as a negative control, stimulated with patients' autologous tumor + T cells at least at one test point (Fig. 1A) , while five out of eight patients eligible for the analysis showed increases in IFN-γ-expressing CD8 + T cells at least at one test point (Fig. 1B) . The IFN-γ ELISA assay also indicated an increased IFN-γ expression by PBMCs isolated from the patients (Fig. 2) . A pooled IFN-γ expression by PBMCs isolated from patients two weeks post initial vaccination was significantly higher than that of the patients before vaccination (p=0.03), while the IFN-γ levels expressed by PBMCs from patients 4 weeks after revaccination no. 2 and one week after re-vaccination no.1 were higher than those before the initial vaccination, but not statistically significant.
Clinical responses.
At the time of the preparation of this manuscript, eight patients enrolled in this study were deceased. One of the remaining patients has progressive disease. Another patient was withdrawn from the study due to a medical problem requiring steroid treatment, a prohibited concomitant medication for this study. The two patients are being followed-up for survival. The clinical responses are summarized in Table III . After dendritoma vaccination and IL-2 therapy, one patient had a partial response and the disease of three other patients' was stabilized. At the time of the first revaccination, three months after the initial vaccination, patient WD developed a partial response. Consecutive CT scans showed that his right upper lobe nodule was stabilized and the right renal bed lesion shrank. At the time of the third revaccination, about eight months after the initial vaccination, the patient's target lesion sum was 5.2 cm, a 37.5% decrease. Patient KB's disease was stabilized after the initial vaccination and lasted for ~ 12 months. Patients RR and SF also developed stabilized disease for 6 and 5 months, respectively.
Discussion
It is important to monitor the immune responses such as CTL activity, increased IFN-γ-expressing T cells, etc. after the administration of immunotherapies in clinical studies (17, 18) . We chose to use the change in IFN-γ-expressing T cells including CD4
+ and CD8 + cells as an indicator of immune response in this study. All of the patients eligible for the analysis showed an increased number of IFN-γ-expressing CD4 + T cells after vaccination at least at one time point (Fig. 1A) . However, only five of eight patients eligible for the analysis showed increased number of IFN-γ-expressing CD8 + T cells after vaccination at least at one point in time (Fig. 1B) . To note, our best clinical responder, patient WD who achieved a partial clinical response for six months, did not show an increase in IFN-γ-expressing CD8 + T cells although his number of IFN-γ-expressing CD4 + T cells increased compared to that of pre-vaccination. Although more data are needed to make an informative conclusion, we would like to point out that commonly used immune response measurements may not be good representatives of clinical responses for immunotherapeutic studies. This agrees with other studies (11, 18) . Therefore, the focus should be on clinical responses instead of so-called immune responses for immunotherapeutic trials.
The results presented in this paper illustrate a unique and promising immunotherapy for renal cell carcinoma and other cancer patients. However, several challenges need to be overcome before the therapy can be available to more patients. First, the manufacturing of the dendritoma vaccine is complicated. It requires high numbers of autologous DCs and tumor cells, which are at times difficult to obtain. The efficiency of fusion between DC and tumor cells and the sorting of fused hybrids is relatively low. Fortunately, procedures that can generate high numbers of DCs have been reported (19, 20) . The fusion efficiency can also be improved by other fusion methods such as electroperation (21, 22) or different fusion conditions (23) . The combination of a centralized manufacturing facility and improved conditions for DC culture and fusion may make the dendritoma vaccine more effective and available for more cancer patients. Secondly, IL-2 was used as an adjuvant to boost the immune response after the initial dendritoma vaccination. Although its boost effect is clear, IL-2 always causes severe adverse effects. Therefore, other agents with no or less side effects need to be tested. Thirdly, patients enrolled in this study were late-stage renal carcinoma patients whose immune system had been severely compromised by the disease development. There are many possible explanations why tumor vaccines may be less effective in patients with large tumor burdens. These include high amounts of circulating tumor antigen which can block effective immune responses, depressed immune function due to tumor load, nutritional depletion due to tumor cachetic factors as well as others. Therefore, we speculate that the dendritoma vaccine may be more effective for patients who have minimal tumor burden after initial surgical Figure 2 . IFN-γ production by patients' PBMCs. PBMCs were isolated from patients' peripheral blood and cultured (1.7x10 6 /well, 24-well plate). At day 3, 1 ml of supernatant was collected from each well and used for the IFN-γ ELISA assay. 1: prior to vaccine no. 1 (7); 2: two weeks post vaccine no. 1. resection. The optimal patients for vaccine therapy might be those who are macroscopically disease-free after tumor resection with minimal residual microscopic disease.
